Under these circumstances, it may be imagined that university-scale facilities play only a minor role in driving the development of new ideas and technologies. This is far from being the case. One of the critical drawbacks of larger facilities is that by their nature the repetition rate tends to be very low and the cost of experiments (especially experiments requiring facility modifications) are very high. As a result, experimental campaigns are determined months to years ahead, which severely impacts the flexibility to try out new ideas. Smaller facilities can be used for such purposes with days to weeks of planning. This, along with the smaller number of people necessary to carry out an experiment, allows new ideas to be rapidly implemented, iterated, and refined on small-scale facilities.
This paper addresses the role that research groups working with modest-scale pulsed power facilities at universities have played and can play in the dense Z-pinch area by discussing recent examples of diagnostic development that have been carried out at Cornell University, Ithaca, NY, and the Weizmann Institute of Science, Rehovot, Israel. The research discussed here exemplifies the research that can be carried out using 10 -10 -W university-scale pulsed power systems. In particular, we discuss high-resolution X-ray backlighting, X-ray spectroscopy, and ultraviolet (UV) spectroscopy diagnostic development and use on our facilities. Laser-based imaging and visible spectroscopy diagnostics have also been important research tools for precision measurements in our laboratories as well as in other university pulsed power laboratories. However, we have chosen to concentrate on the X-ray and UV diagnostics, as their development is part of our current research effort. Although we emphasize our own work, we reference contributions to research being done elsewhere. We also point out how the work described here contributes to research being carried out and planned on larger scale facilities.
Dense pinches driven by pulsed power generators are well known to be good sources of radiation [5] . The wave-0018-9219/04$20.00 © 2004 IEEE length range depends on the plasma temperature achieved, which depends in turn on the generator peak current and how the plasma is made. Here we discuss plasmas produced by 220-450-kA peak current generators from gas puffs and exploding metal wires. Gas-puff Z-pinch systems are ideal for generating 10 -10 -cm plasmas with temperatures in the 10-20-eV range for the detailed study of plasma density, temperature, ionization state, and the magnetic field profile using UV spectroscopy [6] , [7] . As such, novel methods for making such measurements can be developed that can be extended to plasmas on larger facilities. Exploding-wire pinches are excellent for X-ray spectroscopy because the magnetically-driven, unstable implosion of the plasma produces extremely bright X-ray sources with temperatures that can reach into the kilovolt range using materials ranging from Mg to W. To study these bright sources (known as micropinches) with high-resolution diagnostics, however, it was necessary to develop a method for localizing the X-ray source. This led to the development in the early 1980s of the X-pinch plasma [8] , described in Section II. The study of micropinch plasmas using pinches remains today a fertile area of research accessible to universities.
The study of bright-spot production in pinches at Cornell University required the development and implementation of several advanced high-resolution X-ray diagnostics. One such diagnostic was the pinch itself. Taking advantage of the micropinch plasma X-ray sources localized at the center of the pinch, high-resolution point-projection X-ray backlighting images could be made of dense plasmas, such as exploding wires or other pinches [9] . Focusing X-ray spectroscopy diagnostics with one-dimensional (1-D) or two-dimensional (2-D) spatial resolution based on bent crystals, which were initially developed with high-intensity lasers during the 1970s [10] , [11] , were applied to the exploding-wire pinches at the 200-400 kA peak current level. By varying the source and detector positions in the bent-crystal spectroscopy geometry, monochromatic X-ray microscopy [12] and backlighting [13] , [14] diagnostics were developed for imaging plasmas with 10-m spatial resolution.
The diagnostics listed above are each described briefly in this paper, along with example implementations at larger pulsed power facilities. Section II describes the X-pinch X-ray source and point-projection X-ray backlighting diagnostics developed using this source. Section III presents the development and concept behind focusing X-ray spectrographs with 1-D or 2-D spatial resolution. Section IV describes monochromatic X-ray microscopy and backlighting diagnostics developed using a modification of the focusing spectrograph geometry. Section V discusses UV diagnostics and techniques developed to study gas-puff Z-pinch implosions. A summary is presented in Section VI along with some concluding remarks.
II. X-PINCH POINT-PROJECTION BACKLIGHTING

A. X-Pinch X-Ray Source
An pinch is a variant of the single-wire pinch that is made using two (or more) fine metal wires (typically 5-50 m in diameter), which cross and touch at a single simplest form. Two wires are strung across an anode-cathode gap so that they make contact at a single point, forming an "X" shape as shown. The current passing through the legs of the X pinch is insufficient to form bright radiation sources. At the cross point of the X pinch, where the currents from the legs add, a small Z pinch forms that subsequently collapses and forms bright X-ray sources in the process. (b) A schematic diagram of a typical X-pinch setup in a pulsed power device. In some experiments, two or more X pinches are driven in parallel, and series configurations are also possible.
point (forming an "X" shape). A current pulse from a pulsed power device (e.g., a 200-400-kA, 40-ns rise time, 100-ns full-width at half-maximum (FWHM) pulse) is passed through the wires, causing them to explode and form plasma. As shown in Fig. 1 , the currents in the individual wires add at the cross point of the wires, where the total magnetic field is strong enough to magnetically implode the plasma, forming a 300-m-long, 100-150-m-diameter pinch. The pinch implodes unstably, forming small-diameter necks and, eventually, one or two micropinches. Soft X-rays (1-10 keV) are emitted predominantly from these micropinches, thus assuring that such radiation is emitted from within a small region near the initial cross point of the pinch. Experiments studying single-wire pinches [15] , [16] revealed small, localized plasma constrictions (micropinches) from which X-rays were emitted. These micropinches formed at random points along the wire-induced plasma. Thus, until recently, relatively little was known about these X-ray sources because this random nature prevented the use of diagnostics with high spatial and/or temporal resolution to study them. The pinch, first proposed by Ulshmid in 1981 during a visit to the P. N. Lebedev Physical Institute, Moscow, Russia [8] , avoids this spatial location problem. In fact, bright spots in pinches can be made to form at reproducible times (to within 1-3 ns) as well as in a predetermined region of space (to within 0.1 mm), which allows the use of high-precision diagnostics. In addition, the small size and predictable location of the X-ray source(s) make the pinch an attractive X-ray source for numerous applications, such as various X-ray imaging configurations [9] , [13] , [14] , microlithography [17] [18] [19] , and precision spectroscopy [10] , [20] .
Time-integrated spectrographs with high spatial resolution (Section III) revealed that X-pinch bright spots are strong sources of both line and continuum radiation. However, while the continuum radiation is confined to the bright spots near the cross point of the pinch, the line radiation comes also from larger regions above and below the cross point [11] , [21] . Experiments using monochromatic crystal microscopes with 2-D spatial resolution to look at line radiation emitted from pinches also saw that the line radiation was emitted from relatively large regions of the pinch, though the bulk of it was usually concentrated at the cross point [14] . This is consistent with results from point-projection experiments using pinches, which obtain images with the highest spatial resolution only when the line radiation is cut out using filters [22] .
More recently, experiments studying pinches at Cornell University have used diagnostics with micrometer-scale spatial resolution and/or 10-ps time resolution to study the properties of the brightest portions of the X-ray emitting plasmas [23] , [24] . These experiments have concluded that the bright-spot plasmas have sizes as small as about 1 m diameter, electron temperatures 1 keV, and peak densities near solid density. These properties change rapidly over the 0.1-1-ns duration of the X-ray emission, and the radiation 3 keV tends to have an even shorter characteristic time (10-100 ps) associated with it than the radiation 3 keV.
The physical mechanisms responsible for the formation of the bright spots in X-pinch plasmas are not well understood. Computer simulations of the plasma dynamics have been underway for a few years, but their validity is suspect before the extreme conditions believed to be responsible for the X-ray bursts are reached [25] , [26] . It is safe to say that additional experimental, theoretical, and computational work is required.
B. Standard Point-Projection Imaging Using the Pinch
The small size of the bright X-ray emission regions from an pinch (1-10 m) make it an ideal source for point-projection radiography. In the point-projection geometry, depicted schematically in Fig. 2 , the spatial resolution of the object is given approximately by , where is the diameter of the X-ray source and is the magnification. The short (0.01-0.1-ns) duration of the X-ray emission is also of great benefit, as the pinch can be used to radiograph fast-moving, dense plasmas without motional blurring. One of the earliest applications of X-pinch point-projection radiography was the study of fast current-driven single-wire explosions [9] . These early experiments established the presence of dense wire cores for extended periods [27] .
The spatial resolution of the initial experiments was 10 m, but subsequent work refined the parameters of the pinch to reduce the X-ray source size, thereby achieving diffraction-limited spatial resolutions of 2-3 m even at extremely high magnifications, e.g., 90 [22] . These high-resolution images were obtained using Mo X-pinch X-ray sources and Ti filters in front of the film pack. This combination restricts the imaging wavelengths to primarily the 3-5 keV range, with some contributions from 8 keV. This photon energy range does not include Mo line radiation, which was observed to come from a larger spatial region than the continuum radiation. The study of X-pinch and single-wire explosions using these X-ray sources continues, and sample radiographs from recent publications [28] , [29] are shown in Fig. 3 . X-pinch point-projection radiography has recently been employed to study the early stages of the evolution of cylindrical wire-array implosions on larger pulsed power facilities, such as the 1-MA MAGPIE facility, Imperial College, London, U.K. [30] and the 3-5-MA Angara facility [3] . In these cases, the pinch is driven with current tapped from the main driver current. Recent work has demonstrated that independent, compact pulsed power drivers can be built to drive X-pinch implosions using as little as 50 kA with a 40-ns rise time pulse [31] . Such compact sources could enhance the usefulness of this backlighting source for facilities such as the 20-MA Z facility at Sandia, at which an independently timed X-ray source would be valuable.
C. Phase-Contrast Imaging Using the Pinch
If a spatially coherent X-ray source is used in a point-projection imaging geometry with the detector placed far from the object, wave optics effects (refraction and diffraction) become important as depicted in Fig. 4 . It has been noted that this can enable "phase-contrast" images to be made of objects that are otherwise too thin to be observed solely by X-ray absorption effects [32] , [33] . For example, in some of the single-wire experiments described in Section II-B, the wires had thin plastic coatings. As the wires exploded, the plastic coating also exploded and formed a thin shell around the expanding wire core. An example image of such a plastic shell surrounding an exploding wire is shown in Fig. 3 (e). In most cases, this shell was clearly visible with 30%-40% contrast. For the X-rays used for those imaging tests (3-5 keV), the contrast due solely to absorption would have been just a few percent, making the wire coating, even at solid density, very difficult to see [34] . It is possible to take advantage of such wave optics effects to image structure in objects that otherwise would be difficult to observe. As an example, we show in Fig. 4 a sample radiograph of a common domestic housefly. Numerous features in this image, such as the structure in the fly wings or the whiskers on the fly's nose, would be difficult to see without phase-contrast effects because the contrast ratios would be only 1%-2% [34] .
Phase-contrast imaging and the high spatial resolution possible using X-pinch X-ray sources make this type of imaging especially valuable for the study of biological objects. Work is currently in progress to study seed germination and plant structures in collaboration with agricultural researchers at Cornell University. shown above the images are relative to the time the X pinch being imaged produced its first radiation burst. A miniature Z pinch reliably forms at the cross point of the X pinch, becomes unstable, and pinches toward the axis, producing an X-ray burst in the process, and finally breaks apart into a low-density plasma. (b) An expanded view of one of the frames, illustrating the narrow necks formed during the implosion. Experiments in [28] showed that the X-ray bursts are always emitted from these narrow neck regions. (c-f) Sample point-projection radiographs of exploding wires driven by a damped sinusoidal current pulse having a 350-ns quarter period rise time, an amplitude of 4.5 kA, and an e-fold damping time of 4.25 s. The times shown are relative to the start of the current. These images illustrate the wide range of exploding-wire structure and behavior seen using the X-pinch backlighting method.
III. FOCUSING SPECTROGRAPHS WITH SPATIAL RESOLUTION (FSSR) FOR THE 1-10-KEV RANGE
A. FSSR-1D
Spectroscopic diagnostics based on bent crystals have been routinely employed since the 1930s. Such diagnostics are based on the Bragg diffraction of X-rays from crystal planes. Only X-rays satisfying the Bragg condition are reflected by the crystal, where is the incident photon wavelength, is the spacing of planes in the crystal, is the "grazing angle" (the angle with respect to the crystal plane), and is an integer corresponding to the crystal reflection order. Because the spacing of most crystals is in the 2-20-Å range, spectroscopic instruments using Bragg crystals are ideal for plasma spectroscopy in the 1-10-keV (12-1.2-Å) range.
During the 1970s, a modification of the Johann spectrograph was developed using spherically bent crystals instead of cylindrically bent crystals [10] . The geometry can be understood using a construct known as the Rowland circle. The Rowland circle has a diameter equal to the bending radius of the crystal and has the property that emission from a point on the Rowland circle is focused back to a point on the Rowland circle by a spherically bent crystal. In the plane of the Rowland circle, referred to as the meridional plane, the instrument acts as an ordinary Johann spectrograph, dispersing the X-rays along the Rowland circle in accordance with the Bragg condition. In the plane perpendicular to the Rowland circle, referred to as the sagittal plane, the crystal acts as a mirror and focuses the X-rays in this plane. This setup is known as the Focusing Spectrograph with Spatial Resolution in 1-D (FSSR-1D). A schematic diagram of this arrangement is shown in Fig. 5 .
The spatial resolution in this system depends on the spherical mirror optics and the fabrication quality of the crystal. One of the reasons these spectrographs were not feasible earlier was the difficulty of accurately bending large-aperture crystals with small bending radii. Spatial resolutions as good as 20 m have been claimed along the sagittal direction [10] , [11] .
The spectral resolution of the Johann crystal geometry is generally independent of the X-ray source size and depends primarily upon the angular dispersion properties of the crystal. Experimentally determined spectral resolutions have been measured using these types of instruments for near-normal angles of incidence. FSSR-1D diagnostics have been applied to numerous experiments studying the properties of bright spots in the pinch plasma [23] , [24] , [28] and the time history of the ion kinetic energy in the gas-puff Z-pinch plasma [35] . Spectroscopic experiments using pinches have also enabled high-precision measurements of plasma ion line wavelengths to be measured [10] , [20] , [36] . Although this capability was developed at the Lebedev Institute and at Cornell University on modest-size pulsed power machines, the FSSR-1D configuration is very suitable for larger machines that might produce intense kiloelectronvolt X-ray spectra, such as the Z facility at Sandia National Laboratories.
B. FSSR-2D
In the traditional FSSR-1D configuration, the source is placed inside or outside the Rowland circle and the detector is placed on the Rowland circle. A slight variation of this geometry places both the source and the detector slightly outside the Rowland circle, as shown in Fig. 5 . By placing the detector outside the Rowland circle, it is possible to make spectrally selective, 2-D images of the emitting plasma with spatial resolutions 100 m along both directions. For nonnormal Bragg angles, however, the images created using this geometry can have relatively large optical distortions, making the images more difficult to analyze. As a result, this instrument has not been used extensively. Further details about this geometry can be found elsewhere [11] , [37] .
IV. ONE-TO TEN-KILOELECTRONVOLT MONOCHROMATIC X-RAY IMAGING DIAGNOSTICS
A. Monochromatic X-Ray Microscopy Diagnostic
During the early 1990s, it was recognized that 2-D, monochromatic self-emission images of plasmas could be obtained using bent crystals [12] . The self-emitting plasma is placed inside the Rowland circle. The detector is placed outside the Rowland circle at the focal position of the object, as determined using the spherical (or toroidal) lens equation(s). As in the spectroscopy geometries discussed in Section III, each point on the Rowland circle is associated with a wavelength, and the spectral bandpass of the imaging diagnostic is determined by the region of the Rowland circle intercepted by the reflected beam from the crystal. To minimize astigmatism, the Bragg angles are typically between 80 and 90 for spherical optics, though this range can be extended down to Bragg angles of through the use of toroidal optics. The microscopy geometry is illustrated in Fig. 6 .
These systems are capable of 10-m spatial resolution along both directions. This is because the geometry is fundamentally a point-to-point focusing configuration, in contrast to the more traditional pinhole camera imaging. The spectral bandpass of these systems is typically the same or slightly narrower than the width of the plasma spectral line used for imaging.
This geometry has been widely employed in recent years. Experiments at the Gekko laser facility, Osaka, Japan, used an array of toroidally bent Si and Ge crystals to obtain five gated, 2-D images of an Ar plasma in Ar Ly and Ar He line radiation, respectively [38] . Coupled with high-resolution X-ray spectroscopy, this microscopy diagnostic allowed a determination of time-dependent density gradients in an imploding Ar-doped, inertial-confinement-fusion capsule [39] . Lawrence Livermore National Laboratories is also actively investigating bent-crystal microscopy for similar applications on the National Ignition Facility [40] .
B. Monochromatic X-Ray Backlighting Diagnostic
Using a variant of the bent-crystal microscopy geometry, shown schematically in Fig. 7 , it is possible to obtain monochromatic backlighting images of dense plasma located inside the Rowland circle [13] , [14] . In this case, the X-ray source is placed on the Rowland circle and the object is placed inside the Rowland circle. The spectral bandpass is then determined by the width of the X-ray source on the Rowland circle. The spectral bandpass is usually much smaller than the width of the plasma line used for imaging, especially when the X-ray source size is small. The spatial resolution is also quite high. Spatial resolutions as small as 3 m have been reported using such a system with a magnification of 20 [41] . The field of view of these systems depends on the crystal aperture and the magnification and is given by and can be very large, e.g., 4 mm by 20 mm.
These systems have been applied at several laser facilities because of their high spatial resolution. For example, a 1.865-keV imaging system using the Si He line was developed for the NIKE laser facility at the Naval Research Fig. 5(a) to form a spherically bent crystal, a focusing spectrograph with spatial resolution along the second dimension can be made [FSSR-1D configuration shown in Fig. 5(b) ]. (c) A sample FSSR-1D image of Ti X-pinch radiation made using an X-ray streak camera photocathode. This is a static image, so the direction perpendicular to the spectral dispersion direction is spatially resolved. The continuum radiation can be seen to come from a much smaller spatial region than the line radiation. The 170-m continuum line width is the instrumental width of the streak camera system used to take this image. (d) By placing the detector outside the Rowland circle at the appropriate focal point, it is possible to form a 2-D image in monochromatic light as described in [37] . Schematic diagram of a crystal microscope system. The detector is placed at the focal point of the object, so that the system is very nearly a point-to-point focusing geometry. In this way very high spatial resolutions are possible with good sensitivity using a high-quality bent-crystal reflector. Like the crystal microscope, this system is very nearly a point-to-point focusing geometry and is capable of very high spatial resolutions for objects even at high magnification. The spatial resolution is very weakly dependent on the X-ray source size. 865-keV) radiograph of a similar wire array in motion as the Z facility current compresses the array mass toward the axis. These images illustrate the large fields of view possible using this technique and would not have been possible using point-projection backlighting because of the large debris and X-ray background produced by the wire-array implosion.
Laboratory, Washington, DC, for the study of planar instability growth [41] . A significant advantage of these systems for large-scale pulsed power facilities is their narrow spectral bandpass. Shortly after this diagnostic was developed, it was proposed for use on the Sandia Z facility [42] . Wire-array Z-pinch implosions on the Z facility produce 1 MJ of X-rays in a quasi-blackbody spectrum with a high-energy tail. Traditional point-projection backlighting techniques are unsuitable for imaging the wire-array implosion because the object in that case is a strong source of debris and X-ray background. Using a 1.865-keV crystal backlighter similar to that used on NIKE, radiograph images of wire arrays generating 1 MJ of X-rays were made using a 1-J X-ray source [43] , [44] . An example image from such a test is presented in Fig. 8 .
C. Alternative Monochromatic Backlighting Geometries
One of the drawbacks to the traditional monochromatic X-ray backlighting geometry is the limitation that the Bragg angle is between 80 and 90 . This requirement means that in order to use a given ion line for imaging, a crystal must be found with a spacing value (see Section III-A) that is within an integer multiple of 100%-105% of the emission line wavelength. This severely limits the possible lines that can be used as X-ray sources for crystal backlighting. This range can be extended down to Bragg angles of 70 by using toroidally bent crystals, but such crystals must be fabricated exactly for the application in mind and have very stringent alignment requirements.
An alternative backlighting geometry was recently proposed that allows Bragg angles much less than 45 to be used with spherically bent crystals [45] . This geometry is basically the same as the backlighting geometry in Section IV-B, but the detector is placed at a special compromise film position between the focal positions along the meridional and sagittal directions. In principle, it is possible to obtain 10-m spatial resolution along both directions using this geometry, but only if the X-ray source sizes are also quite small (10 m or less).
Other variants of the traditional backlighting geometry in Section IV-B exist that place the object in different locations. In principle, high-resolution images can also be obtained when the objects are placed between the crystal and the detector, either before or after the focal point on the Rowland circle [46] . The images have noticeable distortions, but these can be calculated and so the image distortion can be removed computationally.
V. UV-LIGHT PLASMA DIAGNOSTICS
A. Motivation for UV-Light Diagnostics
Investigations of the properties of a Z-pinch plasma during the implosion phase are important because this stage of the Z-pinch experiments affects the plasma stagnation phase in which the X-ray output is generated. In particular, the magnetic field distribution plays a key role in determining the characteristics of the implosion and stagnation dynamics of the plasma, and theoretical models and simulations for Z-pinch plasmas strongly rely on assumptions on the magnetic field distribution. Knowledge of the history of the plasma parameters during the implosion allows for study of the energy terms in the plasma and is useful for developing and benchmarking radiation-hydrodynamic models.
Spectroscopic diagnostics in the UV regime have not been widely implemented in investigations of pinches. Since the plasma is relatively cold and dilute during the implosion phase, X-ray self-emission diagnostics cannot be employed; therefore, UV diagnostics are advantageous for studying the plasma properties and dynamics prior to stagnation. In principle, these diagnostics can yield the histories of the magnetic field distribution in the imploding plasma, as well as the spatial distributions of the electron temperature, charge states, and ionic implosion velocities. It should be noted, however, that spectroscopic investigations of the plasma during the implosion are complicated by the continuous flow of particles, the temporal and spatial dependence of the plasma properties, and the rapid-ionization processes in the plasma.
It is worth emphasizing that high-resolution UV diagnostics are suitable and promising both for small-scale university facilities, as well as for high-power Z-pinch machines (such as the Z facility [2] or Angara [3] ). In particular, UV diagnostics are highly useful for studying the lower density plasmas left at larger radii during the implosion, the development of spatial nonuniformities and hydrodynamic instabilities, and the formation of shock waves in the imploding plasma.
The diagnostics described in the subsequent sections were developed and tested on the 220-kA, CO gas-puff Z-pinch facility at the Weizmann Institute [6] , [47] . The typical implosion time of the plasma is about 620 ns. A schematic of the facility is shown in Fig. 9 . The diagnostic setup includes two UV spectroscopic systems, allowing for simultaneous observations of a few line emissions or different emission polarizations along either the axis (end-on), the radius (side-on), or various chords of the cylindrical plasma. The two systems include 1.26-m and 1.1-m spectrometers, both equipped with 2400-groove/mm gratings, yielding spectral resolutions of 0.05 and 0.07 Å, respectively. Recording instruments for these systems are a fast UV streak camera, lens-coupled to a charge-coupled device (CCD), and an array of 12 UV photomultiplier tubes, respectively. For the magnetic field measurements, the input optics include a beam splitter and rotatable plates. The observed volume was typically 0.5 mm wide (in the radial direction) and 2.5 mm high (in the azimuthal direction). The temporal resolution chosen throughout this study is 10 ns. Both systems are absolutely calibrated over the entire useful spectral range (2000-5000 Å).
B. Determination of the Magnetic Field Distribution
The experimental technique and the results of the magnetic field measurements are described in detail in [6] . In brief, the method is based on using measurements of spectral shifts of The boundary field B is calculated from the known total discharge current and the outer radius of the plasma column (see [6] ).
line emission from the plasma in the presence of a magnetic field (Zeeman splitting). In a Z-pinch plasma, the difficulties in such measurements arise from the fact that the splitting is small compared to the line widths, which for typical plasma parameters are dominated by Stark and Doppler broadening effects. In such a case, the difference in the spectral-shift pattern between the ( , or linear) and the ( , or circular) polarization components of the lines can be used to determine the magnetic field strength. To accomplish that, end-on observations of line spectra from the pinch using polarization optics were carried out, allowing for a comparison between the relative contributions of the and components to the line widths and, thus, for discriminating the Zeeman splitting against other broadening mechanisms. The Stark broadening calculations used here are based on [48] and [49] .
An example measurement is given in Fig. 10(a) . Shown in the figure are the averaged profiles of the OIV 3s-3p transition (3063.47 Å), each obtained from 21 measurements at cm and ns for each polarization direction. The curves are best-fit Voigt profiles to the averaged Following the same procedure for lines of OII-OVI observed at various radii and instants during the implosion, the time-dependent radial distribution of the field strength was obtained. For example, given in Fig. 10(b) are the radial distributions of for and ns. In the figure, the data-fitting curves are solutions of a 1-D magnetic diffusion equation, for which the plasma resistivity was used as a variable parameter. The resulting best-fit values of were found to agree reasonably well with Spitzer resistivity calculations made using the expected values of [6] , [7] . The current density is then obtained from the -field distribution, which allows the forces and the Joule heating rate to be calculated as a function of time and radial location.
It is interesting to note that the field, measured at the radially outermost region of the plasma, was found to be in excellent agreement (to within 5%) with the value calculated from the total discharge current measured independently using a Rogowski loop, thus indicating that most of the circuit current flows within the imploding plasma shell.
C. Determination of the Electron Temperature
The time-dependent radial distribution of the electron temperature during the implosion, for times up to 50 ns before maximum compression, has been determined by comparison of the ionic level-population ratios of OII-OVI, obtained from end-on observations of line intensities, to the results of time-dependent collisional-radiative (C-R) calculations [50] in which is used as a variable input parameter. The -sensitive ratios chosen for this study were independent of the electron density and the plasma composition history, which are usually not known with sufficient accuracy in transient, rapidly ionizing plasmas. For the expected conditions of the plasma under study, all lines chosen were optically thin.
The measurements were carried out for several radii and instants during the plasma inward acceleration, between to ns, in accordance with the charge-state radial distribution. In order to minimize the experimental uncertainties in the observed intensities, the data for each line were averaged over five to eight experiments, and two to four population ratios for each charge state were used. In the C-R analysis, the ratios were calculated for several values of , and the range of chosen was based on continuum radiation measurements [51] . As an example, we present in Fig. 11 the time-dependent electron temperature at the outer plasma boundary, obtained from the analysis of level-population ratios of OIV-OVI. This plasma region was found to be the hottest and most dense part of the plasma. In this example, was determined both using population ratios within one charge state, and using ratios of levels from successive charge states, the latter with the proper detailed analysis [51] , providing a higher accuracy.
Using the electron temperature obtained, together with the known time-dependent radial distributions of the ion directed velocities [47] , magnetic field [6] , and electron density [51] , all the energy and momentum deposition and dissipation terms in the plasma were calculated, allowing for a comparison between the magnetic energy delivered to the plasma to the energy acquired and dissipated by the plasma. The purpose of the energy-balance analysis is both to quantitatively determine the conversion efficiency of the capacitively stored energy into the kinetic energy of the plasma and to examine the consistency of all the results obtained for the plasma under study.
An example calculation of the time-dependent Joule heating rate at the plasma outer boundary is given in Fig. 10(b) . Similar detailed calculations for all the energy terms were carried out for a time interval of 100 ns during the implosion phase, yielding the following findings [7] . Comparison between the energy deposition sources shows that the forces provide about 85% of the total energy delivered to the plasma, while the Joule heating provides 15% of the energy. Calculations for the dissipation mechanisms show that 65% of the energy is acquired by plasma in the form of kinetic energy, 25% in the forms of heat and ionization, and 10% in the form of line and continuum radiation. The total deposited energy agrees well (to within 10%) with the total delivered energy, thus demonstrating the consistency of the measurements described above.
The thermal pressure gradient, obtained from and , allowed for the determination of the ion acceleration mechanisms across the plasma shell. It was found that only ions within 1-1.5 mm of the plasma outer boundary are accelerated by the magnetic field, while for the rest of the 5-mm-thick shell the ion momentum is gained via collisions. An additional important finding was the determination of the mechanisms supporting the radial propagation of the ionization front ahead of the plasma [47] , where a nearly equal contribution from Joule heating, photoionization, and electron heat flux was obtained in the energy balance analysis for the plasma at the shell inner boundary.
D. Determination of the Electron Density
In our plasma, the ion-velocity effects on the spectral line shapes were found to be of the same order of magnitude as the Stark line broadening, therefore not allowing the latter to be used as a sufficiently reliable method for the measurement of [51] . Therefore, in order to determine more accurately than the spatially averaged value obtained from the continuum measurements, two independent approaches were employed.
The first method is based on a self-consistent analysis of end-on observations of absolute line intensities from different charge states using C-R calculations, for which only knowledge of and the system absolute calibration is required [52] . This analysis allows the absolute charge state densities in the plasma to be obtained using the following relation: (1) Here, and are the upper-level and total densities for the charge state and the level , obtained from the C-R calculations for a given and , is the experimentally obtained upper-level population, and is the total ion density for the charge state , calculated from the population of the upper-level . The electron density associated with the oxygen ions is then obtained from , where is the ionic charge. This value is then compared to used in the C-R calculations. This procedure is repeated iteratively using various values of and the value for which a minimum in the value of is reached is considered as the correct electron density. This analysis is then extended for cases of multispecies plasmas, such as in our case, where it also provides self-consistently the plasma composition and increases the accuracy in determining [52] .
The second method is based on the comparison between the experimental and theoretical ionization times in the plasma [51] , which requires the knowledge of , and the radial-distribution histories of the velocities and the charge states of the various ions. For the analysis, the plasma is divided into three concentric cylinders (mass cells), where for each region the time-dependent radial boundaries, the ion radial-velocity gradient, and are all taken from experiment, and the plasma mass is treated as a variable, unknown parameter. A time-dependent C-R calculation for the mean charge is then carried out separately for each mass cell, accounting for the radial displacement of the plasma in the cell and the mass transfer into or from the neighboring cells due to the differences between the directed radial velocities of ions and the propagation velocity of the ionization [47] . This procedure is carried out iteratively using various input values of . The values which give the best agreement between the calculated values of and the values observed experimentally, are then considered as the correct electron density for each cell.
The above two methods agree to within 20% in the value of the mass line-density obtained. The mean result, 7.5 2.5 g/cm, agrees to within 30% with the independently measured initial radial distribution of the gas density. This shows the reliability of the spectroscopic methods, and also indicates that most of the initial plasma mass is involved in the implosion process [51] .
VI. SUMMARY
This review paper merely highlights some of the important research and diagnostic developments that have taken place on small-scale pulsed power facilities. We have chosen to limit these highlights to only those dealing with X-ray and UV diagnostics, though excellent work has been carried out in recent years using optical diagnostics as well. Examples include schlieren imaging and optical interferometry of exploding-wire Z-pinch implosions that have been carried out on their 1-MA pulser, MAGPIE [53] , [54] , optical interferometry measurements of plasma jets in pinches made on the 100-kA Gepopu generator, Santiago, Chile [55] , and optical Faraday rotation measurements also carried out on MAGPIE [56] . Many of the diagnostic methods discussed in this paper have already or soon will be applied on major facilities, including the Sandia Z facility and the National Ignition Facility. In this way, the research conducted on these smaller facilities can be considered to have directly contributed to work on the larger facilities.
In addition to the direct contributions by way of diagnostic development, the experiments highlighted here studying the X-pinch X-ray sources and gas-puff Z-pinch sources have contributed to our fundamental understanding of Z-pinch plasma behavior. Though X-pinch plasmas have been routinely used as X-ray sources for over two decades, the mechanisms and plasma dynamics responsible for the production of the bright spots seen in pinches are still not well understood, and research in this area is ongoing as more sophisticated diagnostics and spectroscopic models are developed, e.g., [57] , [58] . Similarly, though pinches have been studied since the beginning of plasma physics, mid-and high-Z material pinches still defy simulations and calculations because of the complex physical processes and multiple scale lengths involved. For example, photoionization and heat transport processes are known to take place in pinches, and represent an area where small machines may offer opportunities to develop and test models that may help understand the same processes in larger high energy density facilities. Thus, university researchers in pulsed power are still contributing not only at the level of diagnostic development but also at the level of fundamental science.
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